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ette, IN) PM-80 pump. Separation was achieved by a
BAS microbore column (MF-8949; 1 X 100 mm, with
C18 packing of 3-um particle size), which was attached
directly to the injector (Rheodyne 9125) and to the UV
detector (Waters 486 UV detector, outfitted with a Wa-
ters microbore cell kit). Adenosine was detected at a
wavelength of 258 nm. Chromatographic data were
recorded on a chart recorder, and the peak heights of
microdialysis samples were compared to the peak
heights of adenosine standards (1 pmol/10 wl) for quan-
tification. The detection limit of the assay was 50 fmol
(based on a signal-to-noise ratio of 3:1). Repeated as-
says of standards and pooled samples showed less
than 10% variability. Custom-made CMA 10 probes
from CMA/Microdialysis had a polycarbonate mem-
brane (20,000-dalton cutoff), a 500-um outer diameter,
a 2-mm microdialysis membrane length, and a 35-mm
shaft length. During the experiment, ACSF (composed
of 147 mM NaCl, 3mMKCl, 1.2 mM CaCl,, and 1.0 mM
MgCl,, at a pH of 6.6) was pumped through the probe
at a flow rate of 1.5 pl/min, the same flow rate used for
drug perfusion. Consecutive 10-min dialysis samples
were collected throughout the day via tubing with a low
dead space volume (1.2 ul per 10 cm, FEP tubing;
CMA/Microdialysis) and correlated with electrographi-
cally defined sleep-wakefulness states. Adenosine from
a microdialysis sample produced a sharp chromato-
gram peak with a high signal-to-noise ratio and the
same 8-min retention time as the adenosine standard
(Fig. 1A).

For the analysis of the group data, a sleep cycle was
defined as a continuous period that contained all of
the behavioral states (W, SWS, and REM sleep), and
began and ended with waking periods; the validity of
comparisons over time was ensured by rejection of
any cycles where there were suggestions of nonsta-
tionarity (adenosine values with >25% change be-
tween the first and last waking epochs). Of the sam-
ples in this comparison of W and SWS, 65% were
100% in a single state, and the remaining 35% had
less than 20% of another state. The mean cycle
duration was not different in the basal forebrain and
thalamus samples.

NBTI actions are discussed in G. Sanderson and C.
N. Scholfield [Pfluegers Arch. Eur. J. Physiol. 406, 25
(1996)] and H. L. Haas and R. W. Greene [Naunyn-
Schmiedeberg’s Arch. Pharmacol. 337, 561 (1988)].
These references and our preliminary data confirmed
1 uM as the lowest dose producing maximal effect.
To ensure the presence of normal sleep, the 3-hour
baseline period was not started until 30 min after the
first REM episode (typically 1 to 2 hours after the
animal was connected to the polygraph and micro-
dialysis lines). Basal extracellular concentrations of
adenosine were determined during the 3-hour base-
line period that preceded the drug administration.
EEG power spectral analysis was performed during
ACSF perfusion, during perfusion with 1 uM NBTI in
the basal forebrain and thalamus, and during recov-
ery sleep after 6 hours of wakefulness. Parietal EEG
screw electrodes were used for EEG acquisition. The
data were filtered at 70 Hz (low-pass filter) and 0.3 Hz
(high-pass filter) with a Grass electroencephalograph
and were continuously sampled at 128 Hz by a Pen-
tium microprocessor computer with a Data-Wave
(Data-Wave Technology, Longmont, CO) system.
Absolute total power was calculated for the frequen-
cy range between 0.3 and 55 Hz. Five different fre-
quency bands were used to calculate the relative
power: delta, 0.3 to 4 Hz; theta, 4.1 to 9 Hz; alpha,
9.1to 15 Hz; beta, 15.1 to 25 Hz; and gamma, 25.1
to 55 Hz. After basal forebrain NBTI perfusion, the
relative power was significantly increased in the delta
and decreased in the theta, alpha, beta, and gamma
bands (P < 0.04; nonparametric Wilcoxon matched
pairs signed-ranks test, used because of nonnor-
mality of data). There was no change in power in any
frequency band after NBTI infusion in the thalamus.
In evaluating the physiological relevance of adenosine at
various concentrations, it is important to note that in
vitro data from our laboratory (38) demonstrated that
endogenous adenosine had a consistent inhibitory ef-
fect on cholinergic neurons. These data imply that ade-
nosine’s physiological effects in vivo are to be expected
at baseline that is, without sleep deprivation or NBTI.

17.

18.

Rainnie et al. (3) did not measure endogenous adeno-
sine concentrations, and thus the precise in vitro effects
of doubling adenosine concentrations have not yet
been specified, although it is known that there are pro-
gressive increases in inhibition of cholinergic neurons
(beyond that seen from the endogenous inhibitory ef-
fect) with increasing concentrations of exogenously ap-
plied adenosine. Furthermore, we believe that the ac-
tions of adenosine that we have found in animal studies
apply also to humans. First, the increase in EEG sleep-
iness with increasing duration of wakefulness has been
documented in humans (7). Second, the adenosine
physiology and pharmacology of experimental animals
and of humans appear to be comparable [see reviews in
(4-7) and also L. J. Findley, M. Boykin, T. Fallon, L.
Belardinelli, J. Appl. Physiol. 65, 556 (1988); and H. L.
Haas, R. G. Greene, M. G. Yasargil, V. Chan-Palay,
Neurosci. Abstr. 13, 155 (1987)]. Finally, the adenosine
antagonist caffeine increases wakefulness in formal ex-
perimental studies [see (7) and H. P. Landolt, D. J. Dijk,
S. E. Gaus, A. A. Borbely, Neuropsychopharmacology
12, 229 (1995)] and, as with the adenosine antagonist
theophyliine, constitutes the sleep-delaying ingredient in
coffee and tea.

Changes in the entire relative power spectrum with
NBTI infusion and in recovery sleep after prolonged
wakefulness were, for each band, in the same direc-
tion (n = four animals).

P. H. Wu, R. A. Barraco, J. W. Phillis, Gen. Pharmacol.
15, 251 (1984); R. Padua, J. D. Geiger, S. Dambock, J.
I. Nagy, J. Neurochem 54, 1169 (1990); J. G. Gu and J.
D. Geiger, ibid. 58, 1699 (1992). Both N-methyl-D-as-
partate receptor agonists [C. G. Craig and T. D. White,
J. Pharmacol. Exp. Ther. 260, 1278 (1992); J. Neuro-
chem. 60, 1073 (1993)] and agonists that increase
adenosine 3’,5’-monophosphate [R. W. Gereau and P.
J. Conn, Neuron 12, 1121 (1994); P. A. Rosenberg, R.
Knowles, Y. Li, J. Neurosci. 14, 2953 (1994)] might also
increase extracellular adeonosine concentrations by in-
creasing extracellular adenine nucleotides that are ca-

19.

20.

21.

22.

tabolized to adenosine by 5'-ectonucleotidase (also a
potential modulatory target).

This possibility has recently been reviewed by J. M.
Brundege and T. V. Dunwiddie [J. Neurosci. 16,
5603 (1996)], who also provided direct evidence for
the possibility that an increase in intracellular adeno-
sine (either by exogenous adenosine or inhibiting
metabolism of endogenous adenosine) could lead to
an increase in extracellular adenosine and its actions
on receptors.

V. C. de Sanchez et al., Brain Res. 612, 115 (1993);
J. P. Huston et al., Neuroscience 73, 99 (1996).
Adenosine appears to have a tighter linkage to sleep
after wakefulness than do other putative SWS fac-
tors [see review by J. M. Krueger and J. Fang, in
Sleep and Sleep Disorders: From Molecule to Be-
havior, O. Hayaishi and S. Inoue, Eds. (Academic
Press and Harcourt Brace, Tokyo, Japan, in press)].
Itis also possible that adenosine’s effects in the neocor-
tex may be directly attenuated by cholinergic receptor
activation, as has been shown in the hippocampus [P.
F. Worley, J. M. Baraban, M. McCarren, S. H. Snyder,
B. E. Alger, Proc. Natl. Acad. Sci. U.S.A. 84, 3467
(1987)]. Thus, adenosine’s direct inhibitory effects on
cholinergic somata might be enhanced by a conse-
quent disinhibition of adenosine’s effects on neocortical
neurons. The specificity of sleep-wakefulness effects of
NBTI does not support the idea that adenosine’s effects
result from a global action on brain neurons, as suggest-
ed by J. H. Benington and H. C. Heller [Prog. Neurobiol.
45, 347 (1995)].

We thank P. Shiromani, D. Rainnie, and D. Stenberg
for their advice during this work; L. Camara and M.
Gray for technical assistance; and C. Portas for her
preliminary work on this project. Supported by Na-
tional Institute of Mental Health, grant R37 MH39,
683 and awards from the Department of Veterans
Affairs to R.W.M.
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Gene Expression Profiles in
Normal and Cancer Cells
Lin Zhang,* Wei Zhou,* Victor E. Velculescu, Scott E. Kern,

Ralph H. Hruban, Stanley R. Hamilton, Bert Vogelstein,
Kenneth W. Kinzlert

As a step toward understanding the complex differences between normal and cancer

cells in humans, gene expression patterns were examined in gastrointestinal tumors.
More than 300,000 transcripts derived from at least 45,000 different genes were ana-
lyzed. Although extensive similarity was noted between the expression profiles, more
than 500 transcripts that were expressed at significantly different levels in normal and
neoplastic cells were identified. These data provide insight into the extent of expression
differences underlying malignancy and reveal genes that may prove useful as diagnostic
or prognostic markers.

Much of cancer research over the past 50
years has been devoted to analyses of genes
that are expressed differently in tumor cells

as

compared with their normal counter-

parts. Although hundreds of studies have
pointed out differences in the expression of
one or a few genes, no comprehensive study
of gene expression in cancer cells has been
reported. It is therefore not known how
many genes are expressed differentially in
tumor versus normal cells, whether the bulk
of these differences are cell-autonomous

rather than dependent on the tumor micro-
environment, and whether most differences
are cell type-specific or tumor-specific.
Technological advances have made it pos-
sible to answer such questions through si-
multaneous analysis of the expression pat-
terns of thousands of genes (I, 2). In this
study, using normal and neoplastic gastro-
intestinal tissue as a prototype, we analyzed
global profiles of gene expression in human
cancer cells.

We used the recently developed method
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Fig. 1. Comparison of expression patterns in CR
cancers and normal colon epithelium. A semiloga-
rithmic plot reveals 51 tags that were decreased
more than 10-fold in primary CR cancer cells
(green), whereas 32 tags were increased more
than 10-fold (red); 62,168 and 60,878 tags derived
from normal colon epithelium and primary CR can-
cers, respectively, were used for this analysis. The
relative expression of each transcript was deter-
mined by dividing the number of tags observed in
tumor and normal tissue as indicated. To avoid
division by 0, we used a tag value of 1 for any tag
that was not detectable in one of the samples. We
then rounded these ratios to the nearest integer;
their distribution is plotted on the abscissa. The
number of genes displaying each ratio is plotted on
the ordinate. TU, CR tumors; NC, normal colon.

called serial analysis of gene expression
(SAGE) (2) to identify and quantify a total
of 303,706 transcripts derived from human
colorectal (CR) epithelium, CR cancers, or
pancreatic cancers (Table 1) (3). These
transcripts represented about 49,000 differ-
ent genes (4) that ranged in average expres-
sion from 1 copy per cell to as many as 5300
copies per cell (5). The number of different
transcripts observed in each cell population
varied from 14,247 to 20,471. The bulk of
the mRNA mass (75%) consisted of tran-
scripts expressed at more than five copies
per cell on average (Table 2). In contrast,
most transcripts (86%) were expressed at
less than five copies per cell, but in aggre-
gate this low-abundance class represented
only 25% of the mRNA mass. This distri-
bution was consistently observed among the
different samples analyzed and was consis-
tent with previous studies of RNA abun-
dance classes based on RNA-DNA reasso-
ciation kinetics (R,t curves) (6). Monte
Carlo simulations revealed that our analyses
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Table 1. Overall summary of SAGE analysis.

Normal Colon Colon cell Pancreatic Pancreatic Total
colon tumors lines tumors cell lines
Total tags 62,168 60,878 60,373 61,592 58,695 308,706
Genes* 14,721 19,690 17,092 20,471 14,247 48,741
GenBanki 8,753 (59) 10,490 (63) 10,193 (60) 11,547 (56) 8,922 (63) 26,339 (54)

*Indicates the number of different genes represented by the total tags analyzed (4). fIndicates the number of genes
that match an entry in GenBank. Numbers in parentheses indicate the percentage of the total number of different tags.

Table 2. Summary of SAGE analysis by abundance classes.

. Normal Colon Colon cell Pancreatic ~ Pancreatic

Copies/cell colon tumors lines tumors cell lines Total
>500

Genes* 62 (29) 54 (25) 54 (19) 32 (11) 70 (26) 55 (19)

GenBankt 59 (95) 52 (96) 53 (98) 32 (100) 70 (100) 54 (98)
>50 and =500

Genes* 645 (28) 470 (21) 618 (27) 657 (29) 585 (27) 59 (26)

GenBankt 545 (84) 429 (91) 579 (94) 609 (93) 529 (90) 553 (93)
>5 and =50

Genes* 4,569 (27) 5,011 (29) 5,733 (34) 6,146 (36) 4,845 (31) 6,209 (30)

GenBankt 2,893 (63) 3,204 (64) 3,682 (64) 4,054 (66) 3,168 (65) 4,241 (68)
=5

Genes* 9,445 (16) 14,155(25) 10,687 (20) 13,636 (24) 8,697 (16) 41,882 (25)

GenBankf 5,256 (56) 6,805 (48) 5,879 (65) 6,852 (50) 5,155(59) 21,491 (51)

*For genes, the first number denotes the number of different genes (4) represented in the indicated abundance class.
Numbers in parentheses indicate the mass fraction (X 100) of total transcripts represented by the indicated abundance
class. tFor GenBank entries, the first number indicates the number of different genes that matched an entry in
GenBank in the indicated abundance class. Numbers in parentheses indicate the corresponding percentage of genes.

had a 92% probability of detecting a tran-
script expressed at an average of three cop-
ies per cell (7).

Many of the SAGE tags appeared to
represent previously undescribed tran-
scripts, as only 54% of the tags matched
GenBank entries (Tables 1 and 2). Twenty
percent of these matching transcripts corre-
sponded to characterized mRNA sequence
entries, whereas 80% matched uncharacter-
ized expressed sequence tag (EST) entries.
As expected, the likelihood of a tag being
present in the databases was related to
abundance; GenBank matches were identi-
fied for 98% of the transcripts expressed at
>500 copies per cell but for only 51% of
the transcripts expressed at =5 copies per
cell. Because the SAGE data provide a
quantitative assay of transcript abundance,
unaffected by differences in cloning or poly-
merase chain reaction efficiency, these data
provide an independent and relatively un-
biased estimate of the current completeness
of publicly available EST databases.

Comparison of expression patterns be-
tween normal colon epithelium and prima-
ry colon cancers revealed that most tran-
scripts were expressed at similar levels (Fig.
1). However, the expression profiles also
revealed 289 transcripts that were expressed
at significantly different levels [P < 0.01
(8)]; 181 of these 289 were decreased in
colon tumors as compared with normal co-
lon tissue (average decrease, 10-fold; exam-

ples in Fig. 2A). Conversely, 108 transcripts
were expressed at higher levels in the colon
cancers than in normal colon tissue (aver-
age increase, 13-fold; examples in Fig. 2A).
Monte Carlo simulations indicated that the
analysis would have detected >95% of
transcripts expressed at a sixfold or greater
level in normal versus tumor cells or vice
versa (9). Because relatively stringent crite-
ria were used for defining differences [P <
0.01 (8)], the number of differences report-
ed above is likely to be an underestimate.

To determine how many of the 289 dif-
ferences were independent of the cellular
microenvironment of cancers in vivo, we
compared SAGE data from CR cancer cell
lines with that from primary CR cancer tis-
sues (10). Perhaps surprisingly, 130 of 181
transcripts that were expressed at reduced
levels in cancer cells in vivo were also ex-
pressed at significantly lower levels in the
cell lines (Table 3). Likewise, a significant
fraction (47 of 108) of the transcripts ex-
pressed at increased levels in primary cancers
were also expressed at higher levels in the
CR cancer cell lines (Table 4). Thus, many
of the gene expression differences that dis-
tinguish normal from tumor cells in vivo
persist during in vitro growth. However, de-
spite these similarities, there were also many
differences. For example, only 47 of 228
genes expressed at higher levels in CR can-
cer cell lines were also expressed at high
levels in the primary CR cancers.

1269



In combination, comparison of the ex-
pression pattern of CR cancer cells (in vivo
or in vitro) to that of normal colon cells
revealed 548 differentially expressed tran-
scripts (Tables 3 and 4). The average dif-
ference in expression for these transcripts
was 15-fold. Although the ability to detect
differences is influenced by the magnitude
of the variance, with the power to detect
smaller differences being less, 92 transcripts
that were less than threefold different were
identified among the 548 transcripts. How-
ever, the genes exhibiting the greatest dif-
ferences in expression are likely to be the
most biologically important.

To determine whether the changes
noted in CR cancers were neoplasia- or
cell type—specific, we performed SAGE on
mRNA derived from pancreatic cancers.
A total of 404 transcripts were expressed
at higher levels in pancreatic cancers as
compared with normal colon epithelium
(examples in Fig. 2B). Most (268) of these
transcripts were pancreas-specific (11)
(see example in Fig. 2C), although 136
were also expressed at high levels in CR
cancers. These 136 transcripts constituted
47% of the 289 transcripts that were in-
creased in CR cancers relative to normal
colon tissue and are likely to be related to
the neoplastic process rather than to the
specific cell type of origin.

One question that arose from these
data is the potential heterogeneity of ex-
pression between individual tumors. The
SAGE data were acquired from two sam-
ples of each tissue type (normal colon,
primary CR cancer, CR cancer cell line,
and so on). To examine the generality of
these expression profiles, we arbitrarily se-
lected 27 differentially expressed tran-
scripts and evaluated them in 6 to 12
samples of normal colon and primary can-
cers by Northern (RNA) blot analysis
(12). In general, expression patterns were
very reproducible among different sam-
ples. Of 10 genes with elevated expression
in normal colon relative to CR cancers as
determined by SAGE, each was detected
in the normal colon samples and was ex-
pressed at considerably lower levels in tu-
mors (Fig. 2A). Similarly, most of the
genes identified by SAGE as increased in
CR or pancreatic cancers were confirmed
to be reproducibly expressed in most pri-
mary cancers examined by Northern blot
analysis (Fig. 2, A and B). It is important
to note, however, that there were differ-
ences among the cancers, with a few can-
cers exhibiting particularly large or small
amounts of individual transcripts. Such
differences in gene expression undoubted-
ly contribute to the observed heterogene-
ity in the biological properties of cancers
derived from the same organ (13).
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What are the identities of the differen-
tially expressed genes? Of the 548 differ-
entially expressed transcripts, 337 were
tentatively identified through database
comparisons. When tested, most (93%) of
these identifications proved to be legiti-

Fig. 2. Northern blot analysis of genes differential-
ly expressed in gastrointestinal neoplasia. North-
ern blot analysis was performed on total RNA (5
ng) isolated from primary CR carcinomas (T) and
matching normal colon epithelium (N) or pancre-
atic carcinomas. The top line of gels in each panel
shows ethidium bromide-stained gels before
transfer. The number of SAGE tags observed in
the original analysis is indicated to the right of each
blot. (A) Examples of transcripts that were de-
creased or increased in CR cancers. (B) Examples
of transcripts increased in pancreatic cancers
(77). (C) Examples of transcripts increased in can-
cer that were or were not cancer type—specific.
The following probes were used for Northern blot
analysis [human SAGE tag identifier, gene product
name (GenBank accession number): (A)
H204104, guanylin (M95714); H259108 (see Ta-
bles 3 and 4); H1000193 (see Tables 3 and 4);

mate (14), as was expected from previous
SAGE analyses (2). Although a large
number of differentially expressed genes
were identified, some simple patterns did
emerge. For example, genes that were ex-
pressed at higher levels in normal colon

3 SAGE data
TNTNTN T N
]

H204104 * = ® 11 102
H259108 = = = 1 37
H1000193 Wwlww 56 12
H998030 = = = 55 7
B Pancreatic  Normal
tumors __ colon SAGE data

1234567812 Pancreatic Normal

u"':g""""‘"’ tumors  colon
H294155 « ==« « “ 47 0
H560056 Wi w it 32 0
NN
&K e o@?@ <
c RGO SAGE data

123123123 CR Pancreatic Normal

tumors  tumors colon
HB802810 == 27 0 1
H85882 ®ww®www 10 26 0
H618841 b 8 62 0

H998030 (see Tables 3 and 4). (B) H294155, RIG-E (U42376); H560056, TIMP-1 (S68252). (C)
H802810, EST338411 (W52120); H85882, 1-8D (X57351); H618841, GA733-1 (X13425). An addi-
tional 19 examples of Northern blots are available on the Interet at http://welchlink.welch.jhu.edu/

~molgen-g/home.htm.

Table 3. Transcripts decreased in CR cancer. The 20 transcripts displaying the largest decrease in
expression in CR cancers (in vivo and in vitro) are listed by fold reduction. The tag sequence represents
the 10-base pair SAGE tag, and SAGE UID is the human SAGE tag identifier. Probable GenBank
matches are listed and those in boldface were confirmed by Northern blot analysis or by cloning and
sequence analysis. Fold changes in expression were calculated as described in Fig. 1. TU, colon tumors;
CL, colon celllines; NC, normal colon. Tables of all 548 differentially expressed genes are available on the
Internet at http://welchlink.welch.jhu.edu/~molgen- g/home.htm.

NC/

Tag sequence SAGE UID U TU CL NC GenBank match (accession number)

GACCAGTGGC  Hb545514 45 1 0 45 No match

ATTTCAAGAT H259108 37 1 0 37 Carbonic anhydrase Il (M36532)

GTCATCACCA H740629 34 0 0 34 Uroguanylin (U34279)

CTTATGGTCC  H511670 34 1 0 34 No match

TGGAAAGTGA  H950457 34 1 1 34  Human cellular oncogene c-fos
(VO1512)

CCTTCAAATC H390158 31 1 0 31 Carbonic anhydrase | (M33987)

TCGGAGCTGT  H893564 30 1 4 30 EST 261490 (H98618)

GTCTGGGGGA  H752297 29 1 3 29 EST 81394 (T60135)

GATCCCAACT H578824 27 1 1 27  Metallothionein from cadmium-treated
cells (V00594)

CTTAGAGGGG  H510123 27 1 5 27 No match

ATGATGGCAC  H233106 26 0 2 26 No match

CCTGTCTGCC  H388582 24 1 2 24 EST 122594 5’ (T99568)

CTGGCAAAGG  H500747 23 0 0 23 No match

CTTGACATAC H516402 22 0 0 22 Homo sapiens CL100 mRNA for
protein tyrosine phosphatase
(X68277)

GGAAGAGCAC  H657554 21 1 1 21  Gal-B (1-3/1-4)GIcNAc
«a-2.3-sialyltransferase (X74570)

TCTGAATTAT H909556 21 1 1 21 Transmembrane carcinoembryonic
antigen BGPb (X14831)

TAAATTGCAA H790417 19 6 1 113  Cytokeratin 20 (X73502)

GTGGGGGCGC H764570 18 1 1 18 EST 153570 5' (R48529)

ATGGTGGGGG  H241323 18 2 6 36 Homo sapiens zinc finger transcriptional
regulator mRNA (M92843)

TCACCGGTCA  H857781 17 7 7 122 Human mRNA for plasma gelsolin

(X04412)
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epithelium than in CR tumors were often
related to differentiation. These genes in-
cluded fatty acid-binding protein (15),
cytokeratin 20 (16), carbonic anhydrase
(17), guanylin (18), and uroguanylin (19),
which are known to be important for the
normal physiology or architecture of colon
epithelium (Tables 3 and 4). On the other
hand, genes that were increased in CR
cancers were often related to the robust
growth characteristics that these cells ex-
hibit. For example, gene products associ-
ated with protein synthesis, including 48
ribosomal proteins, five elongation fac-
tors, and five genes involved in glycolysis
were observed to be elevated in both CR
and pancreatic cancers as compared with
normal colon cells. Although most of the
transcripts could not have been predicted
to be differentially expressed in cancers,
several have previously been shown to be
dysregulated in neoplastic cells. The latter
included IGFII (20), B23 nucleophosmin
(21), the Pi form of glutathione-S-trans-
ferase (22), and several ribosomal proteins

(23), all of which were increased in cancer
cells, as previously reported. Likewise, Dra
(24) and gelsolin (25) were decreased in
cancer cells, as previously reported. Sur-
prisingly, two widely studied oncogenes,
c-fos and c-erbb3, were expressed at much
higher levels in normal colon epithelium
than in CR cancers, in contrast to their
up-regulation in transformed cells (26).
These data provide basic information
necessary for understanding the gene ex-
pression differences that underlie cancer
phenotypes. They also provide a necessary
framework for interpreting the significance
of individual differentially expressed genes.
Although this study demonstrated that a
large number of such differences exist
(about 500 at the depth of analysis used), it
was equally remarkable that the fraction of
transcripts exhibiting significant differences
was relatively small, representing 1.5% of
the transcripts detected in any given cell
type (27). The fact that many, but not all,
of the differences were preserved during in
vitro culture demonstrates the utility of cul-

Table 4. Transcripts increased in CR cancer. The 20 transcripts displaying the greatest increase in CR
cancers (in vivo and in vitro) are listed by fold induction. Conditions are as described in Table 3.

Tagsequence SAGEUID TU/NC TU CL NC GenBank match (accession number)

CTTGGGTTTT H518912 73 73 42 O Insulin-like growth factor Il splice
form 1 (IGFIl) (X07868)

TACAAAATCG H802871 42 42 20 O Insulin-like growth factor Il splice
form 2 (IGFIIl) (X07868)

GTGTGTTTGT  H769020 24 24 15 0O TGF-B-induced gene Beta-igh3
(M77349)

AAAAGAAACT  H2056 16 16 27 1 Human mRNA for poly(A) binding
protein (Y00345)

TGCTGCCTGT  H948604 15 15 16 1 H. sapiens HCG IV mRNA (X81005)

CTGATGGCAG  H495251 14 14 15 0 EST 324128 3’ (W46476)

GCCCAAGGAC H610466 12 12 19 0 Human mRNA for actin-binding
protein (filamin) (X53416)

ACTCGCTCTG  H121311 12 12 16 0 EST 342926 3’ (W67797)

ATCTTGTTAC  H229106 11 11 28 0 Human mRNA for fibronectin (FN
precursor) (X02761)

AAGCTGCTGG  H40571 10 10 17 0O Isoform 1 gene for L-type calcium
channel, exons 41 and 41A (Z26305)

TGAAATAAAA  H918273 9 18 37 2 Human hB23 gene for B23
nucleophosmin (X16934)

TTATGGGATC  H998030 8 55 78 7 Human MHC protein homologous to
chicken B complex (M24194)

CAATAAATGT H274492 7 60 73 9 Human mRNA for ribosomal protein
L37 (D23661)

CTCCTCACCT  H482584 6 72 41 12 Human Bak mRNA, complete cds
(U16811)

ACTGGGTCTA  H125661 6 29 25 5 H. sapiens RNA for nm23-H2 gene
(X58965)

CTGTTGATTG  H507455 5 44 54 9 Human liver mRNA fragment DNA
binding protein UPI (X04347)

TTCAATAAAA H1000193 5 56 154 12 Human acidic ribosomal
phosphoprotein P1 mRNA
(M17886)

AAGAAGATAG  H33331 4 39 69 9 Human ribosomal protein L23a mRNA,
partial cds (U02032)

CTGGGTTAAT  H502724 4 115 160 29 H. sapiens S19 ribosomal protein
mMRNA, completed (M81757)

CTGTTGGTGA  H507577 4 65 116 17 Human homolog of yeast ribosomal

protein S28 (D14530)
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tured lines for examination of some aspects
of gene expression but also provides a note
of caution about relying on such lines to
perfectly mimic tumors in their natural en-
vironment. Finally, the finding that hun-
dreds of specific genes are expressed at dif-
ferent levels in CR cancers, and that some
of these are also expressed differentially in
pancreatic cancers, provides a wealth of
reagents for future biologic and diagnostic
experimentation.
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Brain Regions Responsive to Novelty in the
Absence of Awareness

Gregory S. Berns,” Jonathan D. Cohen, Mark A. Mintun

Brain regions responsive to novelty, without awareness, were mapped in humans by
positron emission tomography. Participants performed a simple reaction-time task in
which all stimuli were equally likely but, unknown to them, followed a complex sequence.
Measures of behavioral performance indicated that participants learned the sequences
even though they were unaware of the existence of any order. Once the participants
were trained, a subtle and unperceived change in the nature of the sequence resulted
in increased blood flow in a network comprising the left premotor area, left anterior
cingulate, and right ventral striatum. Blood flow decreases were observed in the right
dorsolateral prefrontal and parietal areas. The time course of these changes suggests
that the ventral striatum is responsive to novel information, and the right prefrontal area
is associated with the maintenance of contextual information, and both processes can

occur without awareness.

The detection of novelty is a cognitive
operation necessary to survival and requires
an assessment of both expectedness and
context. Events can be familiar in one con-
text but novel in another. More precisely,
novelty represents a deviation from the ex-
pected likelihood of an event on the basis of
both previous information and internal es-
timates of conditional probabilities (I).
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Novelty detection has typically been linked
to consciousness because novel events often
capture attention. For similar reasons, stud-
ies of novelty have often been confounded
by awareness (2). Here, we sought to deter-
mine whether the response to novelty can
occur without awareness and, if so, to iden-
tify the associated brain regions in a manner
unconfounded by awareness. To do so, we
used an implicit learning task.

A large body of research has examined
learning mechanisms that operate below
the level of awareness. This type of learning
is said to occur implicitly because behavior-
al measures indicate that learning takes
place, even though the individuals are un-
aware of this or are unable to report it
explicitly (3). A frequently used paradigm is
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based on a serial reaction-time task, in
which participants observe sequences of vi-
sual stimuli and must press buttons corre-
sponding to these. Unknown to the partic-
ipants, the sequence of stimuli is predeter-
mined by a fixed, repeating order. With
practice, reaction times improve (compared
with randomly sequenced stimuli), indicat-
ing that the participants have learned about
the sequential order. However, they are not
always conscious of this. When the se-
quence is sufficiently complex, individuals
are unaware of the sequential regularities or
that they have learned anything specific
about the stimuli, even though their reac-
tion times have improved significantly (4).
This indicates that sequential information
can be both learned and used in the absence
of awareness.

One type of sequence that has been well
studied is based on finite-state grammars
(5). Such grammars can be used to generate
highly complex, context-dependent se-
quences. With enough practice, individuals
show improvements consistent with implic-
it learning of such grammars. However, be-
cause such grammars are typically probabi-
listic, specific repeating sequences rarely oc-
cur, further reducing the likelihood of
awareness of the sequential regularities.

Implicit learning of finite-state gram-
mars means that participants have devel-
oped expectations for each stimulus, on the
basis of the specific stimuli that preceded it
in the sequence (that is, its context). Under
such conditions, changing the rules of the
grammar will cause subsequent stimuli to
violate these expectations, by appearing in
novel contexts. Thus, a switch in grammars
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